Abstract: Azulenes, acenaphthylenes and fulvenes derivatives exhibit important physical properties useful in material chemistry and also biological properties. Since a two decades, the metal-catalyzed functionalization of such compounds, via the C-H bond activation of their 5-membered carbocyclic ring, proved to be a very convenient method for the synthesis of a wide variety of azulene, acenaphthylene and fulvene derivatives. For such reactions, there is no need to prefunctionalize the 5-membered carbocyclic rings. In this review, the progress in the synthesis of azulene, acenaphthylene and fulvene derivatives via the metal-catalyzed C-H bond activation of their 5-membered carbocyclic ring are summarized.
 Figure 2 
Arylation
The first example of metal-catalyzed functionalization of the 5-membered ring of azulene, via a C-H bond activation, was reported in 1997 by Dyker et al. (Scheme 1) . 6 The reaction of azulene with 5 equiv. of iodobenzene using 5 mol% Pd(OAc)2 catalyst and K2CO3 as base, gave the C1-arylated azulene in only 5% yield; whereas the use of 30 equiv. of iodobenzene gave 13% of this coupling product (Scheme 1, a). From azulene and 5 equiv. of 4-chloronitrobenzene, under quite similar reaction conditions, 1-(4-nitrophenyl)azulene was obtained in a higher 28% yield (Scheme 1, b).
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Scheme 1. Pd-catalyzed arylations at C1-position of azulene with aryl halides
Then, a few groups extended the arylation of azulenes using modified reaction conditions. [7] [8] [9] The Pdcatalyzed direct arylation of guaiazulene with a variety of aryl bromides has been reported by our group in 2013 (Schemes 2 and 3). 7 Both sp 2 and sp 3 C-H bonds of guaiazulene have been functionalized, as the nature of the cation of the base was found to allow the control of the regioselectivity of the arylation, giving rise to C2-or C3-arylated guaiazulenes and also to 4-benzylguaiazulenes. The coupling of guaiazulene with 4-bromobenzonitrile using 2 mol% PdCl(C3H5)(dppb) as catalyst, DMA as solvent and
KOAc as base afforded a mixture of the C2-and C3-arylated guaiazulenes A and B in 15:85 ratio;
whereas, the use of a less polar solvent such as ethylbenzene gave a mixture of A and B in a 53:47 ratio (Scheme 2). Better regioselectivities in favor of the formation of the C2-arylated guaiazulene were observed with 3-or 4-bromotoluene or bromobenzene to give the derivatives A in 54-56% yields. In both cases, the first step of the catalytic cycle is certainly the oxidative addition of the aryl bromide to a Pd(0) species to afford a Pd(II) intermediate. The arylation which takes place, in DMA, at the electronrich guaiazulene C3-position suggests an electrophilic aromatic substitution mechanism from an electrophilic cationic Pd-species, although a concerted-metallation-deprotonation mechanism could not be ruled out. The non-polar solvent ethylbenzene certainly favors the formation of neutral Pd-species Accepted Manuscript 6 and therefore Heck type mechanism with the formation of a Pd-C bond at guaiazulene C3-position and arylation at C2-position.
Scheme 2. Pd-catalyzed arylations C2-or C3-positions of guaiazulene with aryl bromides
The use of a mixture of CsOAc/K2CO3 as base led to a complete modification of the regioselectivity of the arylation with an exclusive sp 3 C-H bond functionalization at C4-Me of guaiazulene to give 4-benzylguaiazulenes (Scheme 3). 
Scheme 3. Pd-catalyzed arylations at C4-Me of guaiazulene with aryl bromides
In 2016, Murai, Takai et al. reinvestigated the palladium-catalyzed direct arylation of azulenes (Scheme 4). 8 They succeeded to obtain better yields than Dyker (see scheme 1) in mono-C1-arylated azulenes using 5 mol% Pd(OAc)2 associated to 10 mol% XPhos ligand as catalytic system and a mixture of PivOH and K2CO3 as base. The higher yields obtained using this procedure are probably due to the use of this mixture as base, which promotes concerted metallation deprotonation mechanism. 5p Moreover, the addition of 3 equiv. of aryl bromide, 5 mol% catalyst and 10 mol% ligand to the reaction mixture after 8 h provided the C1,C3-diarylated azulenes in 51-62% yields. The reaction of azulene with 1-iodoazulene, under similar reaction conditions gave 1,1'-biazulene in 32% yield.
Scheme 4. Pd-catalyzed arylations at C1-position of azulene with aryl bromides This group also prepared an unsymmetrically substituted 1,3-diarylazulene under slightly modified reaction conditions. 8 The one pot treatment of azulene with 2-bromothiophene (3 equiv.) followed by coupling with bromobenzene (3 equiv.) furnished 1-phenyl-3-(2-thienyl)azulene in 22% yield (Scheme 5).
such reactions probably proceed via Michael-type addition; however, they could not rule out a C-H bond activation step of the azulenes by the gold catalyst. with azulene (Scheme 9). 12 They didn't succeed to obtain the mono-alkylated azulene, but in the presence of 2.5 equiv. of the methylenecyclopropane derivative, the bis-alkylated azulene was obtained in good yield as a mixture of diastereoisomers (1:1). According to the authors, the selectivity of the reaction is consistent with a mechanism involving outer-sphere addition of the arene to a cis π-methylenecyclopropane complex, followed by protodeauration.
Scheme 9. Au-catalyzed alkylation of azulene with a methylenecyclopropane
The preparation of allyl-substituted azulenes by reaction of azulenes with conjugated dienes, catalyzed by a rhodium catalyst, has been described by Alcarazo et al. in 2017 (Scheme 10). 13 They obtained the desired hydroarylation products A in moderate to good yields and regioselectivities. However, in all cases, traces of other isomers (B) were observed by GC/MS or 1 H NMR analysis of the crude mixtures.
For such reactions, the use of 10 mol% of KB(Ar To demonstrate the synthetic potential of these N-sulfonylaminoalkenylated azulenes, this group also developed a synthetic method to prepare azulen-1-yl ketones via the oxidative cleavage of the C=C For this reaction, they employed an hypervalent iodonium reagent associated to 10 mol% AuCl as catalyst with CH2Cl2 as the solvent. Guaiazulene gave regioselectively the 3-alkynylated guaiazulene in 73% yield. They also employed several azulene derivatives containing formyl, iodo, alkyl or phenyl substituents. For example, some 1-formylazulenes were alkynylated at position 3 in 32-79% yields.
Scheme 14. Au-catalyzed alkynylations of azulenes
Propargylation
The introduction of propargyl units on azulenes via organic chemistry has not been described. The ruthenium-catalyzed propargylation of azulene with propargylic alcohols has been reported by Hidai, Uemura et al. in 2002 (Scheme 15, a) . 17a,17b The reaction proceeds via the formation of an allenylidene Accepted Manuscript ruthenium complex to afford 1-(1-arylprop-2-yn-1-yl)azulenes in good yields. The monopropargylation was observed; however, it should be mentioned that, a huge excess of azulene (10 equiv.) was employed. One year later, they extended this reaction to an internal acetylene derivative (Scheme 15, b). 17c According to the authors, the reaction with the propargyl alcohols containing an internal acetylene unit (Scheme 15, b) may proceed via a (-propargyl)ruthenium species. An electrophilic attack of the (-propargyl)ruthenium complexes on azulene would afford the propargylated azulene.
Conversely, the propargylation of azulene with the propargyl alcohols containing terminal acetylenes (Scheme 15, a) would proceed via an electrophilic attack of the cationic C atom in the allenylidene intermediate. It should be mentioned that the introduction of propargyl units on azulenes via organic chemistry has not been described.
Scheme 15. Ru-catalyzed propargylations of azulene with propargyl alcohols
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promotes the 1-propargylation of azulene (Scheme 16).
18
The mono-propargylation product was obtained in 46% yield from an equimolar mixture of azulene and the propargyl alcohol derivative. 
Silylation
The iridium-catalyzed C2-silylation of azulene derivatives has been described in 2015 by Murai, Takai et al. (Scheme 21) .
24
The reaction of 3 equiv. of triethylsilane with azulene using 5 mol% of [Ir(OMe)(cod)]2 associated to a phenanthroline ligand as catalytic system and 3,3-dimethyl-1-butene as hydrogen acceptor gave the 2-silylated azulene in 81% yield. The reaction is not limited to the use of triethylsilane, as with a set of dimethyl(aryl)silanes, they also obtained the 2-silylated azulenes in good yields. In several cases, norbornene was used as hydrogen acceptor. On the contrary, dihydrosilanes, including Et2SiH2, Ph2SiH2, and PhMeSiH2, were not applicable. The use of [Rh(OMe)(cod)]2 in place of the iridium catalyst was also ineffective.
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Functionalization of acenaphthylenes
Acenaphthylene is a commercially available compound (Fig. 3) . The extent of aromaticity of the five- 
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Scheme 24. Pd-catalyzed diarylation of acenaphthylene with an aryl bromide Very recently, our group reinvestigated the Pd-catalyzed direct arylation of acenaphthylene. 31 We demonstrated that this reaction can be performed using either aryl bromides or benzenesulfonyl chlorides as aryl sources in the presence of phosphine-free Pd(OAc)2 catalyst without additives. First, we described the C1-arylation of acenaphthylene with a wide variety of aryl bromides using only 0.5 mol% Pd(OAc)2 catalyst, KOAc base in DMA. The reaction afforded regioselectively the C1-arylated acenaphthylenes in high yields (Scheme 25, a). Our group also investigated the coupling of acenaphthylene with 4-bromo-and 4-iodo-benzenesulfonyl chlorides (Scheme 25, b). Using 5 mol% Pd(OAc)2 catalyst, Li2CO3 base in 1,4-dioxane, the C1-arylated acenaphthylenes were obtained in satisfactory yields without cleavage of the C-Br and C-I bonds, allowing further transformations.
Scheme 25. Pd-catalyzed arylations of acenaphthylene with aryl bromides or benzenesulfonyl chlorides
Our group also reported that, under the same reaction conditions than for C1-arylation of acenaphthylene, but with 3 equiv. of benzenesulfonyl chlorides, the one-pot preparation of symmetrical 1,2-diarylacenaphthylenes proceeds in quite good yields using chloro-, fluoro-or trifluoromethylsubstituted benzenesulfonyl chlorides (Scheme 26, a).
31
Moreover, from 4-iodobenzenesulfonyl chloride, the acenaphthylene derivative containing two 4-iodobenzene units at C1 and C2 positions was obtained in 65% yield.
We also described the synthesis of non-symmetrical 1,2-diarylacenaphthylenes from 1-arylacenaphthylenes using both aryl bromides and benzenesulfonyl chlorides as aryl sources, under
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Scheme 28. Pd-catalyzed alkylation of an acenaphthylene
Alkynylation
In 2014, Xu, Loh et al. reported the first method allowing to introduce an alkynyl unit on an acenaphthylene. They discovered that the Pd-catalyzed alkynylation of N-(acenaphthylen-1-yl)acetamide with tri(isopropyl)silylacetylene, can be promoted by 10 mol% Pd(OAc)2 catalyst and AgOAc as base, (Scheme 29).
34
The 5-membered ring of this acenaphthylene derivative was alkynylated in moderate yield, but without desilylation.
Scheme 29. Pd-catalyzed alkynylation of an acenaphthylene
Functionalization of fulvenes
Only a few fulvene derivatives such as 6,6-diphenylfulvene and 6,6-dimethylfulvene, are commercially available (Fig. 4) . The metal-catalyzed C-H bond functionalization of fulvenes has attracted less attention than the C-H bond functionalization of azulenes or acenaphthylenes, as only Pd-catalyzed C1-arylation reactions and Ag-catalyzed annulation/isomerization reactions have been reported. Figure 4 
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Arylation
The only examples of metal-catalyzed direct arylations of a fulvene derivative were reported in 2017 by our group (Scheme 30). 35 We observed that the nature of the aryl source is very important for such reactions. The reaction of 6,6-diphenylfulvene with aryl bromides gave low yields of C1-arylated fulvenes; whereas, the use of benzenesulfonyl chlorides in the presence of Pd(OAc)2 catalyst and Li2CO3 base afforded regioselectively the desired products in good yields. We also reported that using an excess of benzenesulfonyl chlorides, the formation of C1,C4-diarylated fulvenes proceeded in good yields. This protocol was applicable to a range of functions on the benzenesulfonyl chloride, including reactive ones such as cyano or bromo substituents.
Accepted Manuscript
Scheme 30. Pd-catalyzed arylations of a fulvene with benzenesulfonyl chlorides Such Pd-catalyzed direct arylations also allowed the synthesis of 1,4-diarylated fulvenes containing two different aryl groups via successive couplings. Using a set of benzenesulfonyl chlorides and ((2-(4-nitrophenyl)cyclopenta-2,4-dien-1-ylidene)methylene)dibenzene, under the same reaction conditions than for the first arylation, good to high yields of 1,4-diarylated fulvenes were obtained (Scheme 31).
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The reaction tolerated both electron-withdrawing and electron-donating substituents on the benzenesulfonyl chloride. The reaction with 2-bromobenzenesulfonyl chloride gave the 1,4-diarylated fulvene, again without cleavage of the C-Br bond.
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Scheme 32. Ag-catalyzed cycloaddition/isomerization of isocyanoacetates with fulvenes
Conclusions and perspectives
Since the seminal report by Dyker in 1991 on the Pd-catalyzed direct arylation of acenaphthylene, the knowledge concerning the metal-catalyzed functionalization of C-H bond of the 5-membered carbocyclic rings of azulenes and acenaphthylenes has been widely extended; whereas, relatively few examples using fulvenes have been reported. Initially, Pd-complexes were the most commonly employed catalysts for such functionalizations and allowed the formation of C-C bonds with aryl, alkynes, alkenes or alkyls. Then, several examples of C-C bond formation using Au, Ni, Rh and also Ru catalysts have been described. Moreover, since 2014, examples of Ir-catalyzed borylations and silylations have been reported. A wide variety of functionalized azulenes and acenaphthylenes can now be obtained via these C-H bond activation reactions. C-H bond functionalization reaction for the Accepted Manuscript introduction of substituents on such compounds is very attractive, as no prior functionalization is required, reducing the number of steps to prepare the target compounds. In the near future, the metalcatalyzed C-H bond functionalization of such arenes will certainly drastically modify the synthetic pathways for the preparation of these compounds. However, many challenges remain, as regioselectivity issues were observed for some reactions, as in several cases moderate yields were obtained, and as only a few results with acenaphthylenes and especially fulvenes have been reported. In most cases, more efficient catalysts permitting lower catalyst loadings need to be found in order to provide more economically attractive procedures. Finally, concerning catalytic cycles, a large number of interrogations are not addressed concerning the various mechanisms involved. Moreover, in recent years, a few examples of C-H bonds functionalizations of azulenes via visible-light driven reactions using metal-free conditions have been described. 37 They might also provide attractive procedures for the functionalization of such compounds.
